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The quest for new eco-friendly energy resources dates back to three decades not because of the resources
are being scarce but because of its capacity to mitigate the unfriendly environmental issues. The fossil fuel
resources are formed over thousands of years of biochemical conversion, which is insufficient to feed the
ever-growing need for energy usage. Moreover, their contribution to increasing pollution needs to be
reduced. As this process is slow, alternate method of rapid fuel generation (thermo-chemical conversion)
came into consideration that paves a more promising route in deriving bio-oil from biomass. Liquefaction is
such technique of deriving bio-oil from biomass species that ensures high energy efficiency, low tar yield and
lower operating temperature. It operates usually between the temperature of 523K and 647K, and pressure
of 4 to 22 MPa. This paper particularly highlights the derivation of bio-oil derived from rice straw biomass
(UMA paddy straw) from the pyrolytic gas, followed by the computational modelling of fixed-bed
combustion reactor using K-epsilon turbulence model displaying temperature gradient, pressure gradient
profile and streamlines of fluid flow inside combustion reactor. Furthermore, pyrolysis and liquefaction are
promising alternatives for enriched bio-oil production for simplicity compared to other thermochemical

conversion processes.
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INTRODUCTION

Renewable energy source receives wide applause in
terms of environmental-friendly concerns and reduction
in adverse ecological impacts compared to fossil fuels.
The energy demand is increasing with the rise in popula-
tion and brings the vital need for alternate economical
renewable sources into play. Wood and various other
forms of naturally occurring biomass are considered to
be the main renewable energy sources available for pro-
ducing energy by combustion to produce heat, such as
steam production and electricity generation (Bridgwater
et al., 1999). Biomass is a clean source of energy having
negligible content of sulphur, nitrogen and ash, and thus
accounts for lower emission of SO,, NO, (Zhang et al.,
2007).

Syngas or producer gas is obtained through the gasifi-
cation of biomass where fossil fuel based carbonaceous
material or organic matter is converted in to CO, H and
CO,. Pyrolysis is the thermal degradation of organic mat-

ter to derive bio-oil, pyrolysis oil or biomass pyrolysis oil.
Pyrolysis is the technique of applying high heat to ligno-
cellulosic materials in the absence of or little air. The
process can produce charcoal, condensable organic lig-
uids, non-condensable gases and other constituents
(Demirbas, 1998). The bio-oil contains number of organic
compounds that belong to alkanes, aromatic hydrocar-
bons, phenol derivatives and little amounts of ketones,
esters, ethers, sugars, amines and alcohols with H/C mo-
lar ratio higher than 1.5 (Wu et al., 2009). Another prom-
ising route of deriving bio-oil other than the above men-
tioned method is the direct liquefaction, where the solid
biomass is converted directly to liquid fuel.

In this particular work, the biomass of paddy straw
variety UMA collected from South India was made to
undergo direct liquefaction whereby the pyrolytic prod-
uct gas was converted to Bio-oil. This proved the better
functionality of the liquefaction process utilised for pro-
ducing bio-oil being the possible alternative for making
bio derivatives. Computational fluid modelling (CFD) was
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found to be an effective and economical tool in simulat-
ing fluidized bed gasifiers in which governing equations
for mass, momentum, energy and species transport are
solved to obtain the spatial and temporal variation of
parameters (Anil et al., 2015). Computational modelling
simulations were used to help reduce the experimental
efforts by allowing for verifications of several arrange-
ments of a fluid flow management setup (Mousaad and
Hamzeh, 2017). The computational modelling of fixed-
bed reactor is done in CFD Solver ANSYS FLUENT 14.5,
where the fluid behaviour was studied using K-epsilon
turbulence model for the transient turbulent flow. K-
epsilon model was found to be giving better and realistic
results compared to other flow models. Behaviours like
Temperature gradient, density, pressure gradient etc.
were studied. Furthermore, the bio-oil production from
biomass can become a possible alternative to fossil fuels
over years.

MATERIALS AND METHODS

Here rice straw of variety UMA (specifically cultivated
in Kerala, India) is used as biomass, to derive bio oil. At
first, biomass is converted to pyrolytic gas by the process
called pyrolysis and this gas is cooled by liquefaction
process to get bio oil. The methodology for this paper is
shown in Figure 1.

Characterization of biomass

Table 1: Values for the characterization of rice straw.

Analysis Codes
Proximate analysis (%)
MC 15.48
VM 5.69
AC 12.58
FC 66.25
HHV (MJ/kg) 17.3616
Table 2: Rice straw oil parameters.
S.N.  Parameter Value
1 Density (kg/m?3) 0.908
2 Yield efficiency (%) 5.924
3 Flash point (°C) 77
4 Fire point(°C) 82

Table 3: Simulation parameters and other properties.

S| Biomass

1 Material Rice straw
Particle size 15cm
Other

4  Outlet pressure 1.72 bar

5 Inlet pressure 2.72 bar

6  Time step size 0.01

7 No: time steps 2000

8 Maximum iterations per time step 40

Table 4: Fixed-bed reactor temperature distribution.
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Figure 1: Methodology for the characterisation of bio-
mass of rice straw UMA.

In characterisation of biomass, proximate analysis
values and calorific value are found. All the experiments
are done according to ASTM standards. After that bio-
mass is fed to a combustion reactor for pyrolysis process
and the pyrolytic gas after this process moves to a con-
denser for liquefaction. In this process, the biomass is

Sl Temperature of reactor °C

1 Ash temperature 54

2 Grate temperature 78.5
3 Reactor bottom temperature 91.4
4 Reactor temperature (mid-section) 140.8
5 Gas outlet Temperature 152.1
6 Pyrolysis zone temperature 497.2

totally converted to bio oil. The experimental setups for
these processes are shown in Figure 2. The yield effi-
ciency (biomass to bio oil) is also calculated. The ex-
tracted bio oil is then heated to remove the moisture
content of the oil. Then it is used for finding density, flash
point and fire point.

The computational modelling of the fixed-bed reac-
tor/combustion reactor is done in CFD solver ANSYS FLU-
ENT 14.5. Simulation is carried out for 2D fixed-bed reac-
tor as shown in Table 3 and Figure 3. The biomass is fed
from the top as shown in Figure 2.

RESULTS AND DISCUSSION
Characterisation of biomass

The values of moisture content (MC), ash content
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Figure 2: Experimental setup for extracting bio-oil: 1) biomass feed; 2) combustion reactor; 3) tube; 4) grate; 5) burner;
6) condenser; 7) aqua pump; 8) water tank; 9) beaker; 10) vacuum pump.

Figure 3: Fixed-bed reactor sketch done in
ANSYS 14.5; H53=5cm (biomass feed),
H54=3cm (gas outlet), V56=28cm (reactor
length), H55=4.5cm (grate).

Figure 4: Temperature distribution over the
reactor.
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Figure 5: Meshing and Mesh refinement. Figure 6: Varying temperature over all domain.

Figure 7: Varying temperature gradient over all domain. Figure 8: Varying pressure over all domain.

Figure 9: Varying pressure gradient over all domain. Figure 10: Varying eddy viscosity over all domain.
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Figure 11: Varying eddy viscosity gradient over all do-
main.

Figure 13: Streamlines of pressure gradient at all domain.

(AC), volatile matter (VM) and higher heating value
(HHV) are found out by ASTM standards (ASTM Interna-
tional; 2015, 2013). The value of fixed carbon (FC) is
found by equation 1.

FC= 100 — (MC + AC + VM) (1)
As the moisture content is somewhat high, then also

it shows a promising calorific value. So if we reduce the
moisture content, the calorific value will also increase.

Derivation of bio oil and its characterization

After extracting the bio oil from rice straw, the den-
sity, yield efficiency, flash point and fire point are calcu-
lated. By extracting 1 kg of rice straw, it gives 63 ml bio
oil which is having mass 59.24 g. So that it can be con-

Figure 12: Streamlines at 500 points showing varying
viscosity gradient over all domain.
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Figure 14: Variation of density over 150 points over all
domain in forward and backward direction.

cluded that, for extracting 1 litre of bio oil, it needs 15.87
kg of rice straw. The values of the parameters of oil are
mentioned in Table 2.

Computational modeling of fixed-bed reactor

The temperature distribution over the fixed-bed reac-
tor is given in Table 4, and graphically plotted as shown
in Figure 4.

The temperature distribution over the reactor shows
that the maximum temperature attained in the pyrolysis
region is 497.2°C, the backflow temperature at the exit is
found to be 140°C. Between the reactor zones of 15 to
28 cm, the maximum pyrolytic temperature observed.
The 2D profile of the reactor is created in ANSYS 14.5,
Meshing of the profile is done, and mesh refinement is
provided on proximity and curvature of the 2D profile to
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get more accurate convergence in the FLUENT solver.
Effect of gravity is considered only along the y axis (-9.81
m/sz). The general setup proceeded with solver pressure
based and time taken as transient. The viscous model
selected is K-epsilon, with realisable, scalable wall func-
tion, energy equation is also added. The boundary condi-
tions are applied as in Table 1 and Table 3. The solution
method selected is simple scheme. Solution initialisation
is done for hybrid initialisation. No of time steps selected
is 2000 with a time step size of 0.01. The maximum itera-
tions/ time step is 40 and reporting interval is 10. The
results obtained are displayed.

Figure 6 shows the varying temperature over all do-
mains, it can be inferred that the maximum temperature
zone is confined towards the top region of the reactor
(15-28 cm). The average temperature over the entire
domain accounts to 184°C. The recirculation of gas on
the contour is seen as circle over the top region of reac-
tor. In Figures 8 and 9, the maximum pressure variation
over all domains is clearly depicted. The maximum pres-
sure at inlet and outlet accounts to 2.72 and 1.72 bar. It
can be seen that there is increased pressure towards the
reactor wall; maximum pressure is confined towards the
rector wall over the top to bottom. The reactor model
also accounts for maximum pressure build up towards
the bottom as the shape is converging towards the grate.

Eddy viscosity is the ratio of average shear stress to
the vertical gradient of velocity. It can be inferred from
Figure 10 that contour showing the variation of eddy
viscosity is dominated from the biomass feed inlet. The
shear stress towards the walls is maximum due to the
maximum pressure formed and reactor design also plays
a vital role in the increased eddy viscosity. The stream-
lines of eddy viscosity gradient and pressure variation at
500 and 150 points in Figures 12 and 13 clearly shows
the fluid (air) flow pattern inside the reactor in both for-
ward and backward direction. From Figure 14, the maxi-
mum air density contour is observed. The yellow bubble
shows the available air inside in limited quantities. The
available air density is reduced on approaching the pyro-
lytic temperature. Only little air is required during the
initial stages of pyrolysis (combustion). The method
adopted here was slow pyrolysis hence the vyield effi-
ciency is lowered compared to fast pyrolysis that delivers
60-70% vyield efficiency. Pyrolytic process undergoing for
the time step size 2000 is simulated to get the results for
20 seconds. Process inside the reactor shown for the
parameters studied.

CONCLUSION

The density, yield efficiency, flash point and fire point
of the bio oil extracted from rice straw is calculated. A
qguantity of 63 ml bio oil having a mass of 59.24 g is ex-
tracted from 1 kg rice straw. Hence, for extracting 1 litre
of bio oil, 15.87 kg of rice straw is required. The yield
efficiency is lower as the method used here is slow pyro-

lysis. A two dimensional model to simulate the pyrolysis
method of gas production is done in ANSYS 14.5. The
developed model is used to analyse the effect of turbu-
lence in the fluid. From the simulation results it was
found that the effect of turbulence cannot be neglected
in the modelling of fixed-bed reactor. Moreover, the re-
actor design needs modification for better process opti-
misation. The model is used to analyse the temperature
distribution, pressure variation, eddy viscosity and den-
sity over the reactor and properties are studied. The ad-
vancements in Liquefaction and pyrolysis method can
improve the yield efficiency of bio-oil, moreover further
experiments on the bio-oil produced can make it as pos-
sible alternative in future for engine applications.
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